We have used a cDNA probe from a cloned rat liver Na +/taurocholate cotransporting polypeptide (Ntcp) to screen a human liver cDNA library. A 1,599-bp cDNA clone that encodes a human Na+/taurocholate cotransporting polypeptide (NTCP) was isolated. The human NTCP consists of 349 amino acids (calculated molecular mass of 38 kD) and exhibits 77% amino acid homology with the rat Ntcp. In vitro translation experiments indicate that the protein is glycosylated and has a molecular weight similar to the rat Ntcp. Injection of in vitro transcribed cRNA into Xenopus laevis oocytes resulted in the expression of Na+-dependent taurocholate uptake. Saturation kinetics indicated that the human NTCP has a higher affinity for taurocholate (apparent K. = 6 MM) than the previously cloned rat protein (apparent K. = 25 MLM). NTCP-mediated taurocholate uptake into oocytes was inhibited by all major bile acid derivatives (100 MM), bumetanide (500MLM), and bromosulphophthalein (100 ,uM). Southern blot analysis of genomic DNA from a panel of human/hamster somatic cell hybrids mapped the human NTCP gene to chromosome 14. (J. Clin.
Introduction
Bile formation is an important function of hepatocytes and involves transport of bile acids and other organic anions from portal blood into bile. Conjugated bile acids such as taurocholate or glycocholate enter hepatocytes predominantly via a sodium-dependent cotransport system. Phenomenologicaly, this secondary active bile acid uptake system has been well characterized in a variety of experimental systems including the perfused rat liver, isolated rat hepatocytes, isolated rat, and human sinusoidal membrane vesicles and Xenopus laevis oocytes (1) (2) (3) (4) (5) . Using functional expression cloning in Xenopus laevis oo-(Ntcp)' has been cloned (6) . In this study, we have used an Ntcp-derived cDNA probe to screen a human liver cDNA library. We report the isolation and functional characterization of the human hepatocellular Na+-dependent taurocholate cotransporter and its chromosomal localization.
Methods
Cloning ofa human Na+/bile acid cotransporter cDNA. Total human liver RNA was prepared from pieces of frozen liver (obtained from kidney donors and kindly provided by U. A. Meyer, Biozentrum Basel, Switzerland) using a single-step acid guanidinium thiocyanate-phenolchloroform extraction method (7) . mRNA was isolated using oligo(dT)-cellulose chromatography (8) . A cDNA library was constructed from total poly(A)+ RNA (Superscript kit; Life Technologies, Inc., Gaithersburg, MD). The cDNA was unidirectionally ligated into NotI/SalI cut pSPORTl, and recombinant plasmids were introduced into Escherichia coli WM 1 100 by electroporation (Gene Pulser; BioRad Laboratories, Hercules, CA). Replica filters containing 2 X 105 recombinants of the cDNA library were screened using an EcoRI fragment (nucleotides 261-1,187 of the rat Ntcp cDNA) (6) that was labeled with 3,000 Ci/mmol [a-32P]dCTP (Amersham International, Buckinghamshire, United Kingdom) using the Random Primed DNA Labeling Kit (Boehringer Mannheim GmbH, Mannheim, Germany). After 2 h of prehybridization at 42°C in 50% formamide, 0.75 M NaCl/0.075 M sodium citrate at pH 7.0 (5X SSC), 5X Denhardt's solution, 0.5% SDS, and 200 ,g/ml of denatured salmon sperm DNA, the filters were hybridized for 16 h at 42°C in the same solution containing, in addition, the labeled probe (2 X 106 cpm/ml). After hybridization, the filters were washed twice for 15 min at room temperature in 2x SSC, 0.1% SDS, followed by one wash for 1 h at 42°C in lx SSC, 0.1% SDS, and one final wash for 15 min at 50°C in 0.1X SSC, 0.1% SDS. Washed filters were exposed to x-ray film at -70°C overnight. After two rounds of screening, single positive colonies, which were functionally tested usingXenopus laevis oocytes, were obtained. 5 ng of in vitro-transcribed cRNA were injected into Xenopus laevis oocytes and Na+-dependent taurocholate uptake was measured as described (5) . Sequence analysis was performed using double-stranded cDNA as template and the T7 Sequencing kit (Pharmacia Biotech Inc., Piscataway, NJ). Human liver Na+/taurocholate cotransporting polypeptide (NTCP) cDNA was sequenced in both directions using either unidirectionally deleted clones (Erase-a-base; Promega Corp England Nuclear, Boston, MA) was determined as described (5) .
most of the coding region of NTCP). After hybridization, the filters Chromosomal localization ofNTCP. Southern blots containing gewere washed twice for 5 min at room temperature in 2X SSC, 0.1% nomic DNA samples from 26 individual somatic cell hybrids digested SDS, followed by one wash for 15 min at 63°C in 0.1 X SSC, 0.1% SDS. with PstI were obtained from BIOS Corp. (New Haven, CT). After 1.5
Filters were exposed to x-ray film at -70°C.
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1007 AAA TTC MG ACT CCC MG GAT AAA ACA AAA ATG ATC TAC ACA GCT GCC ACA ACT GM GAA ACA ATT CCA GGA GCT CTG GGA MT 1090 T A  350  1091 GGC ACC TAC AAA GGG GAG GAC TGC TCC CCT TGC ACA GCC TAG CCC TTC CCC TGG TGG CCT GGA TTC TGG TCC CM AGC MT TCT 1174  1175 GM AGC CAG TGT GGT AM CTA GAG AGA GCA GCA AAA ACA CCA GTC TTG CCT GAG TCT TTC TCC AGC ATT TCC AGT ACA TCT ATC 1258  1259 AGA ATC ATC MG TCT TGG CCG GGA ACA CAG ACA GGG TGT CTA CCC MG MG CCT CAC CTA TCC CCA ACT TAG MT TTG CTA CTT 1342  1343 ATT TTA MG ACT TGT TCA GTG ACT GTA AAC TCT ATG AAA CCA GM ACC GAA TCT GCC TCT TGC TGG GAT CTC TM MG TGT CTG 1426  1427 ATA AGC ATC TTA MG TCA CTC MT TCC TGA ACT MT CM TAT ATA TGT TTA ACC CAT TAC TCA MT ACC CM ATC CCA TTC CM 1510  1511 GTT TTG TGA Results and Discussion Nucleotide and amino acid sequences of NTCP. To clone the NTCP, we screened -200,000 colonies of a cDNA library prepared from human liver poly(A)+ RNA using as a probe a 32P-labeled EcoRI fragment complementary to the major part of the coding region of the rat Ntcp cDNA (6). After two rounds of screening, five single clones were identified. cDNA sequence analysis revealed that four of them were identical. mRNA was synthesized in vitro from these four clones and injected into Xenopus laevis oocytes. Indeed, all four cRNAs led to the expression of Na+-dependent taurocholate uptake. One of these functionally active clones was sequenced and the cDNA and deduced amino acid sequences are shown in Fig. 1 Figs. 1 and 2 . There is 88% similarity between the human and the rat amino acid sequences, 77% of the residues being identical and another 1 % being conservative replacements. Whether the clustering of nonconservative amino acid replacements at the COOH-terminal end of the protein has any functional significance is not yet known. At the DNA level, the lowest identities were found within the 5'-noncoding region (70%) and the highest identities within the coding and the 3'-noncoding regions (83%). The overall identity of only 78% with the rat cDNA explains the weak signal previously obtained on Northern blots (6, 1 1 ) . Based on hydrophobicity analysis (9) and in analogy to the rat Ntcp, we propose the secondary structure model with seven transmembrane domains as depicted in Fig. 2 . In vitro translation experiments performed as described (6) resulted in the synthesis ofan unglycosylated 34-kD polypeptide on SDS-PAGE in the absence ofa glycosylated 40-kD polypeptide in the presence of dog pancreatic microsomes (data not shown). The 6-kD difference is compatible with two sites being glycosylated. Experiments using site-directed mutagenesis to determine the natural glycosylation sites of the rat Ntcp revealed that Asn5 and Asn 11 of the rat protein are glycosylated (Hagenbuch, B., and P. J. Meier, manuscript in preparation). In addition, immunostaining of primary rat hepatocytes with a polyclonal antibody against the COOH-terminal end of the rat Ntcp was only achieved in the presence of detergents, suggesting an intracellular localization of the COOH-terminal domain (unpublished observation). These data support the predicted model shown in Fig. 2 , but additional experiments are required to definitively determine the exact location of all cytoplasmic loops and of the number T) . and location of the transmembrane domains. The differences in the amino acid sequence between the human and the rat Na+/bile acid cotransporting polypeptides together with their different affinities for taurocholate (see below) might be a good starting point for mutational analysis to define functionally important amino acids (Fig. 2, closed circles) .
Functional characterization ofNTCP. As demonstrated in Fig. 3 , injection of 5 ng of NTCP-cRNA resulted in Na+-dependent taurocholate uptake that was -20-fold above the background of noninjected oocytes. Interestingly, injection of the same amount of rat Ntcp-cRNA resulted in -10-fold higher expression of Na+-dependent taurocholate uptake, suggesting that the human transporter might exhibit a much lower bile acid transport capacity as compared to the rat system. Alternatively, the expression ofthe human NTCP-cRNA may be less efficient in oocytes as compared to the rat Ntcp-cRNA, as it was also the case for the human and rabbit intestinal Na+-dependent glucose cotransporters ( 12, 13) and the human and canine cardiac Na+/Ca2' exchangers ( 14, 15) .
To further characterize the human NTCP, we next investigated its transport kinetics and its substrate specificity. As demonstrated in Fig. 4 , the cloned human Na+/bile acid cotransport system showed clear saturability with an apparent Km for taurocholate of 6.3±2.4 MM. This value is significantly lower than the previously reported 25 ,M for the rat transporter (6). This higher affinity of the human NTCP would allow more efficient extraction of bile acids at low plasma concentrations and might help to keep the human systemic bile acid concentrations at the known physiological low levels ( 16) .
To compare the substrate inhibition pattern of NTCP with the rat Ntcp, as well as with reported studies performed with human basolateral membrane vesicles (3), we measured Na+-dependent taurocholate uptake into oocytes in the presence of the major bile acid derivatives and some other organic anions. Table I that similar to previous observations for the rat Ntcp (6) and experiments in intact hepatocytes ( 17) the synthetic keto-bile acid taurodehydrocholate had no inhibitory effects. All major physiological bile acids on the other hand inhibited the cloned human NTCP by 40-90%. Unconjugated bile acids exhibited a less pronounced inhibition as compared to the taurine or glycine conjugates with the exception of chenodeoxycholate Cloning ofa Human Liver Na+/Bile Acid Cotransporter 1329 In conclusion, we have cloned a human Na+/bile acid cotransporter that has a significantly higher affinity for taurocholate than the rat Ntcp. The protein showed a 77% amino acid homology to rat Ntcp and the gene could be localized to chromosome 14. These studies provide the basis for future investigation and characterization of the human NTCP gene in various physiological and pathophysiological situations.
